Introduction
============

MET is a cell surface receptor tyrosine kinase with specific natural ligand hepatocyte growth factor (HGF), also called scatter factor. The MET/HGF signaling cascade is involved in regulating a wide array of cellular functions, including cell proliferation, survival and apoptosis, motility and migration, invasion, branching morphogenesis, angiogenesis, and metastasis.[@b1-cmar-6-397]--[@b4-cmar-6-397]

MET signaling activity is normally found in specific stages of development in utero,[@b5-cmar-6-397]--[@b9-cmar-6-397] plays a role in wound repair,[@b10-cmar-6-397]--[@b13-cmar-6-397] and is activated in degenerative diseases like lung fibrosis and liver cirrhosis.[@b14-cmar-6-397]--[@b16-cmar-6-397]

While MET is typically in a quiescence signaling state in adult tissues physiologically, aberrant MET expression with associated signaling deregulation is widely observed in solid malignancies, including colon, gastric, breast, ovarian, pancreatic, and lung tumors as well as hematological malignancies.[@b1-cmar-6-397],[@b17-cmar-6-397]--[@b19-cmar-6-397] Mechanisms by which cellular deregulation of MET can occur include MET receptor overexpression, genomic amplification, mutation, or alternative splicing,[@b2-cmar-6-397],[@b3-cmar-6-397],[@b20-cmar-6-397] leading to oncogenic signaling with resultant tumor angiogenesis, cell proliferation, survival, migration, resistance to apoptosis, aggressive cellular invasion, and metastasis.[@b1-cmar-6-397],[@b17-cmar-6-397],[@b19-cmar-6-397]

MET overexpression and mutation correlate with a poor clinical prognosis in human cancer.[@b1-cmar-6-397],[@b21-cmar-6-397],[@b22-cmar-6-397] Recent evidence has demonstrated the presence of signaling cross-talk with the epidermal growth factor receptor (EGFR) and Kirsten rat sarcoma viral oncogene homolog (KRAS) signaling pathways critical in the development of intrinsic or acquired resistance to EGFR inhibitors in non-small cell lung cancer (NSCLC).[@b23-cmar-6-397] Inhibition of MET signaling in these EGFR tyrosine kinase inhibitor (TKI)-resistant cells may potentially restore sensitivity to EGFR inhibitors in these resistant cells. Furthermore, dual blockade of MET and EGFR may impair growth in these tumor cells.[@b2-cmar-6-397],[@b20-cmar-6-397],[@b24-cmar-6-397] Thus, small-molecule inhibitors of MET and monoclonal antibodies against MET and HGF have become the subject of a number of cancer clinical trials in recent years.[@b25-cmar-6-397]

MET-targeting inhibitory agents
===============================

Several MET-targeting inhibitory agents have shown promising results in clinical trials recently. A monovalent monoclonal antibody against MET (onartuzumab; [Table 1](#t1-cmar-6-397){ref-type="table"}) has shown activity in combination with erlotinib in NSCLC patients.[@b26-cmar-6-397] Further, there was improvement in overall survival in patients with gastric adenocarcinoma treated with the HGF monoclonal antibody AMG 102 (rilotumumab).[@b27-cmar-6-397] The best response profile was observed in patients with high MET expression levels in both of these studies. Ficlatuzumab, another humanized anti-HGF monoclonal antibody, is currently in Phase Ib/II studies in combination with erlotinib in Asian patients with locally advanced or metastatic lung cancer who were never smokers or ex-light smokers (NCT 01039948). XL184 (cabozantinib) a multitarget MET inhibitor that also inhibits vascular endothelial growth factor (VEGF) receptor 2 and "rearranged during transfection" protooncogene (RET), has been shown to be effective against multiple solid tumors, such as medullary thyroid cancer, breast cancer, NSCLC, melanoma, prostate cancer, and liver cancer.[@b28-cmar-6-397] Crizotinib, a small-molecule inhibitor of MET and anaplastic lymphoma kinase (ALK), is approved for treatment in patients with *ALK* translocation-positive NSCLC as determined by *ALK* (2p23) break-apart fluorescent in situ hybridization. There has been a case report describing a patient with de novo *MET* amplification and no *ALK* rearrangement who achieved a rapid response to crizotinib.[@b29-cmar-6-397] In patients with *KRAS* mutations and who are EGFR inhibitor naïve, the combination of Tivantinib (ARQ 197), a selective non-adenosine triphosphate (ATP) competitive inhibitor of MET, and erlotinib demonstrated an improvement in progression-free survival (PFS) (hazards ratio \[HR\] 0.18; 95% confidence interval \[CI\] 0.05--0.70; *P*\<0.01) and overall survival OS (HR 0.43; 95% CI 0.12--1.50; *P*=0.17). Other Phase I/II trials of tivantinib have demonstrated promising activity in hepatocellular, pancreatic (in combination with gemcitabine), and colorectal (in combination with cetuximab and irinotecan) cancers.[@b30-cmar-6-397],[@b31-cmar-6-397] This review focuses on MET and lung cancer, the clinical development of tivantinib, clinical trials with tivantinib in NSCLC to date, its current/emerging role in the management of NSCLC, and future directions.

MET and lung cancer
===================

MET was originally isolated from a chemical carcinogen-induced human osteosarcoma-derived cell line and is expressed primarily by epithelial cells.[@b20-cmar-6-397] It is a transmembrane receptor tyrosine kinase with an extracellular alpha chain and a transmembrane beta chain linked by disulfide bonds.[@b20-cmar-6-397] Compared with other human cancers, MET and HGF are most commonly expressed in lung tumors (72%)[@b32-cmar-6-397] and MET's critical role in the pathophysiology of NSCLC has been demonstrated in animal models and human NSCLC cell lines.[@b32-cmar-6-397],[@b33-cmar-6-397] Forty-one NSCLC cell lines and more than 150 NSCLC tumor samples were analyzed by Rikova et al in a phosphoproteomics survey study to characterize tyrosine kinase signaling, and MET receptor was ranked as the most highly phosphorylated receptor tyrosine kinase in NSCLC tumor samples.[@b33-cmar-6-397] Ma et al analyzed paraffin-embedded, formalin-fixed tissues from 32 patients with lung cancer using standard immunohistochemical techniques. There was expression of MET in all (100%) lung cancer tissues examined (n=32).[@b34-cmar-6-397] Phosphorylation of focal adhesion proteins, such as paxillin, p125FAK, and PYK2, has also been demonstrated to occur in response to MET activation in lung cancer cells.[@b36-cmar-6-397] Activating mutations in the *MET* gene have been identified and lead to MET autophosphorylation and downstream phosphorylation of 3-phosphoinositide-dependent protein kinase 1, *AKT*, mammalian target of rapamycin, and S6K. Primary MET amplification is uncommon, occurring in 4%--21% of patients with NSCLC and up to 4% of patients with adenocarcinoma, and is associated with a poor prognosis.[@b36-cmar-6-397]--[@b40-cmar-6-397] Up to 57% of patients with squamous histology and 27%--77% with nonsquamous histology have been found to have overexpression of MET protein.[@b20-cmar-6-397],[@b26-cmar-6-397],[@b34-cmar-6-397],[@b41-cmar-6-397]--[@b44-cmar-6-397] However, the definition of MET overexpression varied in these studies. One of the studies is a randomized multicenter Phase II study in patients with locally advanced and metastatic NSCLC in which MET-high was defined as ≥50% of tumor cells with moderate (2+) or strong (3+) staining intensity by immunohistochemistry.[@b26-cmar-6-397]

Selective inhibition of MET with MET TKI
========================================

As proof-of-principle, the prototype preclinical MET TKI SU11274 and small interfering RNA have been shown in previous studies to inhibit growth and viability of MET-expressing tumor cells as well as nullification of MET-mediated downstream signaling.[@b34-cmar-6-397],[@b45-cmar-6-397] In vivo growth of NSCLC xenografts was significantly inhibited in animals treated with a bivalent humanized anti-MET antibody (h224G11) with near complete resolution observed in animals treated with both h224G11 and vinorelbine, reported by Goetsch et al.[@b46-cmar-6-397] PHA665752, a preclinical MET-specific TKI, has been shown to inhibit MET phosphorylation, impede angiogenesis by \>85%, reduce tumorigenicity by \>75%, and induce regression of established tumors in mouse xenografts.[@b47-cmar-6-397] Tivantinib, an oral, selective, small-molecule inhibitor of MET, impedes constitutive and HGF-induced MET phosphorylation by stabilizing the inactive conformation and reducing downstream signaling,[@b48-cmar-6-397],[@b49-cmar-6-397] leading to a reduction in invasion, metastasis, and proliferation, and induction of caspase-dependent apoptosis.

Clinical development of tivantinib
==================================

Among the agents in the new class of trans-3, 4-bisubstituted pyrrolidine-2, 5-diones, tivantinib is the most advanced in therapeutic development.[@b49-cmar-6-397] It binds MET in its inactive or nonphosphorylated form and maintains this inactive state. Tivantinib demonstrates high in vitro potency with an inhibitory constant \[K~i~\] of −35.5 nM on kinetic analyses and also a high degree of kinase selectivity compared with other MET inhibitors.[@b49-cmar-6-397]--[@b51-cmar-6-397] It inhibits both constitutive and ligand-mediated MET autophosphorylation in different cancer cell lines, with a peak effect seen by 24 hours and lasting for about 8--12 hours following withdrawal of tivantinib.[@b52-cmar-6-397] Significant tumor growth reductions ranging from 45% to 79% have been shown in xenograft mouse models using several human cancer cell lines (colon, gastric, breast, prostate, pancreatic) at an orally administered tivantinib dose of 200 mg/kg.[@b49-cmar-6-397],[@b53-cmar-6-397],[@b54-cmar-6-397] Tivantinib also showed the capacity to prevent bone metastases in a humanized mouse model of metastatic breast cancer as well as inhibition of liver metastases in murine xenograft models.[@b53-cmar-6-397],[@b54-cmar-6-397]

In 2006, an initial Phase I dose-escalation study of monotherapy with tivantinib was completed in 74 patients with metastatic solid tumors.[@b55-cmar-6-397]--[@b57-cmar-6-397] The drug was well tolerated on both an intermittent and a continuous dosing schedule, with no dose-limiting toxicities observed.[@b55-cmar-6-397]--[@b57-cmar-6-397] The most common side effects were fatigue (16.2%), nausea (13.5%), vomiting (6.8%), and diarrhea (5.6%). Of the 74 patients enrolled, 61 were evaluable by Response Evaluation Criteria in Solid Tumors (RECIST) 1.0 criteria.[@b56-cmar-6-397] Three (5%) of these 61 patients achieved a partial response, 38 (62%) had stable disease, and 20 (33%) experienced disease progression. Overall disease control (complete response + partial response + stable disease) was demonstrated in 41 patients (67%).[@b56-cmar-6-397] A follow-up Phase I trial established 300 mg twice daily as the maximum tolerated dose, but this was subsequently adjusted to 360 mg twice daily following introduction of a modified commercial formulation.[@b58-cmar-6-397] The safety of this adjusted dose was verified in an expanded cohort of 20 patients.[@b59-cmar-6-397],[@b60-cmar-6-397] Tivantinib has shown antitumor activity in a Phase II monotherapy study in patients with microphthalmia transcription factor-associated tumors.[@b61-cmar-6-397] The results of Phase II studies in patients with unresectable hepatocellular cancer (NCT 00802555) and in patients with relapsed/refractory germ cell tumors (NCT 01055067) are awaited. Another Phase I dose-escalation study in combination with sorafenib in advanced solid tumors (NCT00827177) suggests that combined inhibition of MET and angiogenic signaling may have therapeutic potential.[@b62-cmar-6-397] Its favorable safety profile has also been reported when used in combination with gemcitabine for advanced solid tumors (NCT 00874042)[@b63-cmar-6-397] as well as with irinotecan and cetuximab in metastatic colorectal cancer (NCT 01075048).[@b64-cmar-6-397]

Clinical trials in NSCLC
========================

Phase I dose-escalation study of tivantinib + erlotinib
-------------------------------------------------------

This trial assessed the safety, pharmacokinetics, and preliminary antitumor activity of tivantinib combined with erlotinib, an EGFR inhibitor. Thirty-two patients with advanced solid tumor malignancies received combination treatment with escalating doses of tivantinib. The most common tumor type was NSCLC, occurring in eight (25%) of the 32 patients.[@b65-cmar-6-397] Continuous therapy with the combination of erlotinib and tivantinib was well tolerated. Five patients (15.6%) had treatment-related serious adverse events including neutropenia, leukopenia, syncope, sinus bradycardia, and sick sinus syndrome. Fifteen (46.8%) of the 32 patients had a partial response (n=1) or stable disease (n=14). Of the eight patients with NSCLC, six had stable disease. Five of these six NSCLC responders had been treated previously with erlotinib monotherapy. The recommended dose for tivantinib was 360 mg twice daily in combination with erlotinib 150 mg daily.[@b65-cmar-6-397] This combination therapy was therefore deemed to be safe. Further, it illustrates that inhibition of multiple pathways through combination therapy is a plausible strategy to overcome drug resistance.

Erlotinib + tivantinib versus erlotinib + placebo in previously treated advanced NSCLC
--------------------------------------------------------------------------------------

Patients (n=167) in this randomized Phase II study had inoperable locally advanced or metastatic NSCLC and had received at least one line of chemotherapy but were EGFR inhibitor-naïve.[@b66-cmar-6-397] Eligible patients were randomly assigned to receive erlotinib 150 mg daily + tivantinib 360 mg twice daily (ET group, n=84) or erlotinib 150 mg daily + placebo (EP group, n=83), both on 28-day cycles. The primary endpoint was median PFS, which was 3.8 months and 2.3 months for the ET group and EP group, respectively (HR 0.81, CI 0.57--1.16; *P*=0.24). Analyses of specific subgroups demonstrated a trend toward clinical benefit in the treatment arm (ET) in patients with *EGFR* wild-type status, increasing *MET* fluorescent in situ hybridization number, nonsquamous histology, and *KRAS* mutation. The HR for PFS in the limited cohort of *KRAS* mutant patients was 0.18 (95% CI 0.05--0.70, *P*=0.006). In the intention-to-treat population treated with ET, time to new metastatic lesions was significantly higher at 7.3 months versus 3.6 months in the EP group (*P*\<0.01). Overall, there were no significant differences in adverse events between the treatment and control arms. The primary endpoint (PFS) was not met, but interesting findings were seen, especially in the *KRAS* mutant cohort. The sample size was small compared with the number of subgroup analyses performed.[@b66-cmar-6-397] There was also a trend toward benefit in both PFS (HR 0.71; 95% CI 0.46--1.10; *P*=0.12) and overall survival (HR 0.72; 95% CI 0.44--1.17; *P*=0.18) among patients with nonsquamous histology (n=117) in the ET arm. An adjusted PFS HR of 0.61 (95% CI 0.39--0.98; *P*=0.04) and an adjusted overall survival HR of 0.58 (95% CI 0.34--0.99; *P*=0.04) for patients with nonsquamous histology was shown following application of the proportional hazards model for the intention-to-treat population.[@b66-cmar-6-397]

MARQUEE trial in patients with advanced NSCLC
---------------------------------------------

Based on the results of the Phase II study, the randomized Phase III MARQUEE trial (NCT01244191) was initiated. PFS and overall survival were significantly improved in patients with nonsquamous histology in the treatment arm (ET) compared with the control arm (EP) in the Phase II study. The rationale for this trial was to enrich the study population with MET-high tumors by limiting enrollment to nonsquamous NSCLC. The primary endpoint was overall survival. Secondary and exploratory endpoints included PFS, overall survival in biological subgroups (defined by *EGFR* and *KRAS* mutation status, *MET* amplification or overexpression, serum hepatocyte growth factor), and safety.[@b67-cmar-6-397]

Approximately 1,000 patients were recruited from more than 200 clinical study sites worldwide by May 2012. A preplanned interim analysis in October 2012 showed that the study would not meet its primary endpoint of improved overall survival, leading to the sponsor's decision to discontinue the study via the independent data monitoring committee.[@b68-cmar-6-397] Of note, however, there were no safety issues identified by the independent data monitoring committee. Despite improvement in PFS in the intention-to-treat population, this benefit did not influence overall survival.

A further exploratory analysis was performed in 445 patients evaluable by MET immunohistochemistry. Of these, 211 patients were MET-high as characterized in the study protocol. Substantial improvement in overall survival was seen in the MET-high treatment arm compared with the control arm, a benefit not seen in the intention-to-treat population.[@b69-cmar-6-397] On the other hand, there was no difference in overall survival seen in 234 patients confirmed to be MET-low.[@b69-cmar-6-397] PFS was similar in the MET-high and MET-low groups. Efficacy data on subsets of patients according to MET protein expression in tumor samples were presented at the European Cancer Congress meeting in 2013. Both PFS and overall survival were longer in patients treated with combined MET-EGFR inhibition when tumors showed at least 2+ positive MET immunostaining in more than 50% of tumor cells.[@b70-cmar-6-397]

ATTENTION trial: tivantinib + erlotinib versus placebo + erlotinib
------------------------------------------------------------------

The primary endpoint in ATTENTION, a randomized, double-blind, placebo-controlled, Phase III study (NCT01377376), was overall survival in subjects who had locally advanced or metastatic nonsquamous NSCLC with wild-type *EGFR*, treated with tivantinib + erlotinib or erlotinib monotherapy. The subjects could have received one to two prior systemic chemotherapies.[@b71-cmar-6-397] In August 2012, the sponsor (Kyowa Hakko Kirin Co, Ltd, Tokyo, Japan) announced the temporary suspension of patient enrollment according to the recommendations of the safety review committee due to a higher frequency of interstitial lung disease as one of the drug-related adverse events in the study.[@b72-cmar-6-397] The safety review committee met again after further investigation, leading to discontinuation of this trial in October 2012.[@b73-cmar-6-397]

Erlotinib + tivantinib versus single-agent chemotherapy in previously treated *KRAS* mutation-positive subjects
---------------------------------------------------------------------------------------------------------------

This randomized, open-label Phase II study (NCT01395758) was designed to investigate tivantinib + erlotinib versus single-agent chemotherapy in subjects with *KRAS* mutation-positive NSCLC, with the primary endpoint of PFS. Chemotherapy is per physician's choice from pemetrexed, docetaxel, or gemcitabine. Secondary endpoints include overall survival, objective response rate, and safety. This study was active as at the time of this review but is currently not recruiting.[@b74-cmar-6-397]

Tivantinib + erlotinib in patients with locally advanced or metastatic *EGFR* mutation-positive NSCLC
-----------------------------------------------------------------------------------------------------

The primary objective of this multicenter, open-label, single-arm Phase II study (NCT01580735) is to examine if the combination of tivantinib and erlotinib is active in subjects who have locally advanced or metastatic NSCLC with activating *EGFR* mutation who experienced disease progression on EGFR TKI monotherapy.[@b75-cmar-6-397] This study is ongoing, but is currently not recruiting.

Current/emerging role of tivantinib in NSCLC and future directions
==================================================================

Our understanding of the biology of MET and the clinical role of tivantinib inhibition in the MET signaling pathway for NSCLC are evolving. Tivantinib is currently not approved for use by the US Food and Drug Administration (FDA) and has not been licensed in any other country. The final results from the currently ongoing randomized Phase II study (NCT01395758) in *KRAS*-mutant NSCLC patients are eagerly awaited to verify if there is clinical benefit from the use of tivantinib and erlotinib in this unique patient subgroup. The safety concerns (higher rates of interstitial lung disease) raised in the ATTENTION trial, although not reported in the other trials, warrant close vigilance and follow-up.

The results of the exploratory analysis from the MARQUEE trial suggest that there may be an overall survival benefit for patients with locally advanced or metastatic nonsquamous MET-high lung cancer who have received prior chemotherapy when they are treated with tivantinib in combination with erlotinib. However, the Phase III clinical trial study did not meet its preplanned primary objective of overall survival improvement in the intention-to-treat nonsquamous NSCLC patient population when tivantinib was used in combination with erlotinib. The results of the biomarker analysis will further clarify the predictive role of the MET receptor pathway to targeted therapy. At this time, the optimal strategies to appropriately select patients for optimal use of MET-targeting inhibition using tivantinib remain to be better defined, ie, whether tivantinib should be used as single agent or in combination with an EGFR TKI. A recent study by Katayama et al raised the possibility of an alternative underlying mechanism of action for tivantinib rather than specific inhibition of the MET receptor. To assess whether the antitumor activity of tivantinib is due to inhibition of MET, Katayama et al[@b76-cmar-6-397] compared the activity of tivantinib with that of other MET inhibitors in both *MET*-addicted and *MET*-nonaddicted cancer cells. The MET inhibitors crizotinib and PHA 665752 suppressed the growth of *MET*-addicted cancers, but not the growth of cancers that are not addicted to *MET*. On the other hand, tivantinib equally inhibited the growth of both *MET*-addicted and *MET*-nonaddicted cells, suggesting that tivantinib works in a manner independent of *MET* status. Similar to vincristine, tivantinib induced G2--M cell cycle arrest in EBC1 cells, whereas other MET inhibitors induced G0--G1 cell cycle arrest. Further analysis demonstrated the microtubule as a target for tivantinib, causing typical microtubule disruption. Hence, it was suggested that in addition to inhibiting MET, tivantinib also inhibits microtubule polymerization.

The challenge remains in fine-tuning the most objective and reproducible way of identifying the patient subgroups that would most likely respond to MET-targeted inhibition, such as with the use of tivantinib. The potential of MET-high tumors to represent such a patient cohort remains an interesting premise, with some promising clinical data having emerged recently. However, this has certainly not come to full clinical fruition yet. There are difficulties in establishing a reliable and reproducible predictive biomarker assay for MET targeted therapy, as in the case of immunohistochemistry versus fluorescent in situ hybridization versus quantitative polymerase chain reaction. This issue remains an active area of urgent unmet need and requires further studies and validation in the clinical arena. Newer biomarker assay technologies may render further help in overcoming these challenges, especially those that afford quantitative protein marker analysis in standard archival specimens, eg, quantitative tumor tissue proteomics and automated quantitative immunofluorescence assay technology.
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###### 

Selective inhibitors of MET or HGF

  Compound                     Type of agent
  ---------------------------- ----------------
  **Targeting MET receptor**   
  AMG 208                      TKI
  BMS 777607                   TKI
  Compound 1 (Amgen)           TKI
  EMD 1214063/EMD 1204831      Bivalent mAb
  H224G11                      TKI
  INC280                       TKI
  JNJ38877605                  TKI
  Onartuzumab (MET-mAb)        One arm mAb
  MK-2461                      TKI
  MK 8033                      TKI
  NK4                          HGF antagonist
  PF4217903                    TKI
  SGX126                       TKI
  Tivantinib (ARQ 197)         TKI
  **Targeting HGF**            
  Ficlatuzumab                 mAb
  Rilotumumab                  mAb
  TAK-701                      mAb

**Note:** Amgen Inc. (Thousand Oaks, CA, USA).

**Abbreviations:** mAb, monoclonal antibody; HGF, hepatocyte growth factor; TKI tyrosine kinase inhibitor.
